1. Introduction
===============

In order to combat infectious diseases, a number of important discoveries and inventions, such as antibiotics, vaccines and chemotherapeutic drugs, have been made. Despite significant progress, infectious diseases are still the largest cause of death in the world, and epidemics, caused by emerging and re-emerging infectious organisms, are a serious threat to human health ([@bib22]). Consider these recent examples: the generation and spread of severe acute respiratory syndrome (SARS) virus, West Nile virus (WNV), and H5N1 avian influenza virus. These infectious diseases can spread quickly because of increased global travel and the export and import of animals that may harbor these viruses ([@bib37]). The world is unprepared for the real threat of naturally occurring outbreaks or intentional virus release as a deadly bioweapon. For combating emerging viruses, as well as drug-resistant mutants of viruses for which effective treatments exist, continued and increased vigilance will be required, including the development of new broad-spectrum therapies.

Vaccines are the principal defense against viral infections ([@bib33]), but their use does not negate the utility of antiviral drugs. There is a great need for the development of compounds that have therapeutic efficacy in treating diseases caused by highly pathogenic RNA viruses ([@bib4]). For the treatment of influenza-type illnesses, M2-channel inhibitor, amantadine and neuraminidase inhibitors, oseltamivir or zanamivir exist as therapeutic drugs. However, with the exception of ribavirin, few approved drugs are available for other RNA virus infections. This is especially true for several types of viral hemorrhagic fever ([@bib16]). Application of ribavirin for the treatment of such severe infections has not become widespread because of concerns regarding adverse effects and lack of specificity and efficacy ([@bib26], [@bib30], [@bib31]).

In this article, we provide an overview of the antiviral activities of T-705 (favipiravir) and the related pyrazinecarboxamide compounds T-1105 and T-1106 against several RNA viruses and their potential as novel antiviral drugs for the treatment of some emerging pathogenic RNA virus infections. T-705, T-1106 and T-1105 were discovered and synthesized by Toyama Chemical Co., Ltd. Their structures are shown in [Fig. 1](#fig1){ref-type="fig"} . Through the screening of a chemical library of Toyama Chemical Co., Ltd. using a plaque reduction assay for antiviral activity against influenza virus A/PR/8/34, a lead compound, which was afterwards designated as T-1105, was found to be effective. Thereafter, its derivatives were synthesized to evaluate structure--activity studies in terms of *in vitro* and *in vivo* antiviral activities as well as pharmacokinetic properties. T-705 and the related compounds were then selected for further investigation as drug candidates.Fig. 1Chemical structure of T-705, T-1105 and T-1106.

2. Influenza virus
==================

Influenza virus is a member of the *Orthomyxoviridae* family, and three types, A, B, and C, are known to exist. Type A influenza virus is further classified into many subtypes according to differences in surface antigens. Humans are usually infected by three of the A types, H1N1, H2N2, H3N2, and by the B type, but epidemics are repeated yearly because of frequent mutation of the virus. Some retrospective studies report that pandemic influenza outbreaks recur in cycles of about 10--40 years due to antigenic shift ([@bib15], [@bib39]).

Once an influenza virus infects the upper airway, patients usually develop fever and suffer from fatigue for a few days, followed by full recovery in approximately 1 week. However, severe illness is seen in newborns, the elderly, and patients who have chronic illness, such as cardiac disorders, pulmonary diseases, diabetes, and immunodeficiency. Furthermore, severe complications including death can occur. Recently, outbreaks of highly pathogenic avian influenza have occurred in Southeast Asia ([@bib25], [@bib1]), and a high mortality rate (60% or more) in humans has been reported ([@bib40]). Authorities fear that the avian flu will acquire the ability to transmit from human to human, touching off a pandemic that could kill millions of people.

2.1. *In vitro* activities of T-705 against influenza virus
-----------------------------------------------------------

The anti-influenza activity of T-705 was evaluated with plaque reduction assays for influenza A (H1N1, H2N2, and H3N2), B and C viruses ([@bib11]). T-705 inhibited plaque formation of all types of laboratory-adapted and clinically isolated influenza viruses with low EC~50~ values ([Table 1](#tbl1){ref-type="table"} ). The antiviral activities of T-705 against influenza A (H5N1) virus ([@bib35]) as well as an oseltamivir-resistant virus were determined in yield reduction assays in MDCK cells ([@bib11]). The EC~90~ values that were effective against influenza A (H5N1) ranged from 1.3 to 7.7 μM, which is similar to effective concentrations against seasonal influenza viruses. Oseltamivir showed an anti-influenza viral activity at low concentrations except in C type and oseltamivir-resistant strains. Ribavirin also showed activity, but its potency was 14 times less effective than T-705, depending on the strain.Table 1Anti-influenza viral activity of T-705 and reference drugs.Virus typeNumber of strainsRange of inhibition concentration (μM)T-705Oseltamivir carboxylateRibavirinA (H1N1)[a](#tbl1fn1){ref-type="table-fn"}50.19--1.30.0070--0.0346.6--49A (H2N2)[a](#tbl1fn1){ref-type="table-fn"}40.083--1.90.00060--2.420--57A (H3N2)[a](#tbl1fn1){ref-type="table-fn"}40.5--3.10.0018--0.01118--82B[a](#tbl1fn1){ref-type="table-fn"}30.25--0.570.022--0.114.9--78C[a](#tbl1fn1){ref-type="table-fn"}30.19--0.36\>352NT  A (H5N1)[b](#tbl1fn2){ref-type="table-fn"}41.3--7.70.007--0.9218--33Oseltamivir-resistant A/PR/8/34 (H1N1)[b](#tbl1fn2){ref-type="table-fn"}10.6188NT[^1][^2][^3]

2.2. *In vivo* activities of T-705 against influenza virus
----------------------------------------------------------

The *in vivo* therapeutic efficacy of T-705 was evaluated using BALB/c mice infected with influenza A/Duck/MN/1525/81 (H5N1), A/Osaka/5/70(H3N2) and A/Victoria/3/75 (H3N2) viruses ([@bib11], [@bib35]). In one example, mice were infected intranasally with a lethal dose of the influenza A/H5N1 virus, and T-705 or oseltamivir was administered orally for 5 days, beginning from 1 h post-infection. Oral treatment with T-705 at the dose of 30 mg/kg/day or more prevented death, inhibited lung consolidation and reduced lung virus titers ([Table 2](#tbl2){ref-type="table"} ) ([@bib35]).Table 2Efficacy of T-705 against H5N1 influenza virus infection in mice.TreatmentDose (mg/kg/day)Time of start of therapy (h)Survivors/totalDay of death (mean ± S.D.)Expt 1: twice daily for 5 days 0.4% CMC--10/208.2 ± 1.6   T-705310/107.4 ± 1.11012/108.5 ± 2.83018/10[\*\*](#tbl2fn2){ref-type="table-fn"}11.0 ± 4.2100110/10[\*\*](#tbl2fn2){ref-type="table-fn"}\>21.0[\*](#tbl2fn1){ref-type="table-fn"}300110/10[\*\*](#tbl2fn2){ref-type="table-fn"}\>21.0[\*](#tbl2fn1){ref-type="table-fn"}  Expt 2: every 6 h for 5 days 0.4% CMC--720/207.9 ± 2.7   T-705300729/10[\*\*](#tbl2fn2){ref-type="table-fn"}7.03008410/10[\*\*](#tbl2fn2){ref-type="table-fn"}\>21.0[\*](#tbl2fn1){ref-type="table-fn"}300968/9[\*\*](#tbl2fn2){ref-type="table-fn"}7.03001203/10[\*](#tbl2fn1){ref-type="table-fn"}7.9 ± 2.6[^4][^5][^6]

An important and desired characteristic of an antiviral drug is to be effective even if treatment is begun after viral infection is established and clinical symptoms have appeared. The results of studies of delayed initiation of treatment using influenza strains A/NewCaledonia/20/90 (H1N1), A/NWS/33(H1N1) and B/Sichuan/379/99 showed a marked reduction in mortality even when treatment with T-705 was initiated from 60 to 96 h post-virus infection. Significantly, T-705 was highly effective against the recently emerged, highly virulent H5N1 virus ([Table 2](#tbl2){ref-type="table"}) ([@bib35]). Mice treated with T-705 also displayed significantly reduced declines in arterial oxygen saturation (SaO~2~) in these infection models. In a comparative experiment with oseltamivir, using mice infected with a high challenge dose of influenza A/PR/8/34 virus, T-705 completely prevented death, and the survival rate was significantly higher than in oseltamivir-treated animals ([@bib36]).

2.3. Mechanism of action
------------------------

A time-of-addition experiment revealed that T-705 inhibited an early to middle stage of influenza viral replication, but not the adsorption or release stage. The *in vitro* antiviral activity of T-705 was attenuated when purines or purine nucleosides but not pyrimidines were added to the culture. This phenomenon suggests that T-705 acts as a purine or purine nucleoside in viral RNA replication ([@bib13]).

In experiments using \[^14^C\] radio-labeled T-705, T-705 ribofuranosyl-5′-triphosphate (T-705RTP) and T-705 ribofuranosyl-5′-monophosphate (T-705RMP) were detected in cultured MDCK cells. Furthermore, it was found that T-705RTP inhibited influenza virus RNA polymerase activity in a dose-dependent manner and a GTP-competitive manner (*K* ~i~  = 1.52 μM). The inhibitory potency was approximately 10 times higher than that of ribavirin triphosphate. On the other hand, T-705RMP did not inhibit the viral RNA-dependent RNA polymerase. The inhibition of cellular inosine 5′-monophosphate dehydrogenase (IMPDH) by this metabolite was about 150-fold weaker than by ribavirin monophosphate ([@bib13]).

A summary of these experimental observations and the mechanisms of action for anti-influenza drugs are illustrated in [Fig. 2](#fig2){ref-type="fig"} . T-705 has a different mechanism of action from that of other approved anti-influenza virus drugs, and the virus selectivity of T-705 is a favorable feature distinguishing it from ribavirin.Fig. 2Mode of action of T-705 and other anti-influenza drugs. T-705 is converted to the ribofuranosyl triphosphate form and inhibits influenza virus RNA polymerase in the host cells. Amantadine inhibits virus M2 proteins, and oseltamivir inhibits the release of virus.

3. Arenavirus and bunyavirus
============================

Because of the severe disease and high mortality rate associated with infections caused by agents of viral hemorrhagic fever (VHF), the viruses that cause these diseases are among the most feared. VHF agents belong to the *Arenaviridae*, *Bunyaviridae*, *Filoviridae*, and *Flaviviridae* RNA virus families. Currently, there is a paucity of safe and effective antiviral drugs for the treatment of VHF. In a limited number of studies in humans and primates, ribavirin has proven to be effective against several of the arenaviral and bunyaviral hemorrhagic fevers ([@bib8], [@bib9], [@bib10], [@bib26], [@bib28], [@bib30]), but because of concerns with dose-related hemolytic anemia and potential teratogenicity, it is only approved for compassionate use under investigational new drug protocols ([@bib3]). The threat of intentional release of hemorrhagic fever agents as bioweapons and the increasing frequency of naturally occurring outbreaks stress the need for the development of novel therapeutics and disease management strategies.

3.1. Antiviral activity of T-705 against bunyaviruses and arenaviruses
----------------------------------------------------------------------

T-705 was shown to be highly active in several bunyavirus (La Crosse, Punta Toro, Rift Valley fever, sandfly fever) and arenavirus (Junin, Pichinde, Tacaribe) cell culture systems that measured inhibition of cytopathic effect and virus yield reduction ([@bib19]). The EC~50~ values for T-705 ranged from 32 to 191 μM and 5.1 to 5.7 μM against the bunyaviruses and arenaviruses examined, respectively, with robust therapeutic indices (SI) ([@bib19]). EC~50~s for ribavirin when tested against the same panel of bunyaviruses and arenaviruses were 53--172 μM and 10--13 μM ([@bib19]). Thus, the *in vitro* activity of T-705 was comparable, if not superior, to ribavirin, and the SI values were higher.

The *in vivo* efficacy of T-705 was evaluated against Punta Toro virus (PTV) infection in mouse and hamster models of Rift Valley fever ([@bib19]). Robust protection against highly lethal PTV challenge was seen in both mice and hamsters when T-705 was administered 4 h prior to or 24 h after virus inoculation. A 10-mg/kg/day dose given twice daily for 5 days was sufficient for efficacy when treatment was initiated 4 h before challenge in mice. Treatment beginning 1 day after virus inoculation was also effective, although a higher dose of 30 mg/kg/day was needed ([@bib19]). In hamsters, a slightly higher dose of T-705 (15 mg/kg/day) was required to obtain optimally efficacy when starting treatment 4 h pre-infection ([Table 3](#tbl3){ref-type="table"} ). Because hamsters are considerably more susceptible to PTV ([@bib16], [@bib18]), they are generally more difficult to treat. Further animal studies examining T-705 activity against authentic highly pathogenic strains of Rift Valley fever are needed.Table 3Efficacy of T-705 against Punta Toro virus infection in hamsters.TreatmentDose (mg/kg/day)Survival/totalMean virus titer ± S.D.Mean ALT ± S.D.LiverSerum0.4% CMC--1/20\<6.6 ± 2.2 (90)\<5.4 ± 3.4 (40)1228 ± 1622  T-705155/10[\*\*](#tbl3fn2){ref-type="table-fn"}\>6.9 ± 1.5 (100)\<4.1 ± 3.0 (20)204 ± 441309/10[\*\*\*](#tbl3fn3){ref-type="table-fn"}\<3.5 ± 1.7[\*](#tbl3fn1){ref-type="table-fn"} (40)\<4.5 ± 2.6 (40)25 ± 18609/10[\*\*\*](#tbl3fn3){ref-type="table-fn"}\<3.4 ± 1.3[\*](#tbl3fn1){ref-type="table-fn"} (20)\<3.8 ± 2.2 (20)17 ± 3  Ribavirin307/10[\*\*\*](#tbl3fn3){ref-type="table-fn"}\<2.8[\*\*](#tbl3fn2){ref-type="table-fn"} (0)\<2.8 (0)13 ± 13[^7][^8][^9][^10]

In the Pichinde virus (PICV) hamster infection model of arenaviral hemorrhagic fever, both prophylactic and therapeutic T-705 treatments have yielded dramatic protection ([@bib19], [@bib17]). Initial studies in PICV-infected hamsters established an effective daily dose of 30 mg/kg/day if 7-day twice-daily treatment was initiated within 4 h after infection ([Table 4](#tbl4){ref-type="table"} ). When treatment was begun 1--3 days after challenge, a dose of 50 mg/kg/day was effective, suggesting that higher doses were needed to effectively control the infection ([@bib19]). Recently, significant protection was achieved by employing a high-dose regimen, in which a loading dose was used to knock down the marked viral burden present when treatment was delayed until day 7 ([@bib17]). Twice-daily doses at 320 mg/kg were given on either day 6 or 7, followed by 7 days of twice-daily doses of 100 mg/kg ([Fig. 3](#fig3){ref-type="fig"} ). Notably, PICV-infected hamsters normally begin to succumb on day 8 of infection, and peak serum and tissue viral burden is present in most animals by day 7, underscoring the significance of these findings.Table 4Efficacy of T-705 against Pichinde virus infection in hamsters.TreatmentDose (mg/kg/day)Survivors/totalMDD ± S.D.Mean virus titer ± S.D.Mean ALT ± S.D.LiverSerum0.4% CMC--0/208.6 ± 0.8\>9.1 ± 0.3 (100)5.5 ± 0.1 (100)2619 ± 778  T-705152/1011.1 ± 4.27.7 ± 0.9[\*](#tbl4fn1){ref-type="table-fn"} (100)\<5.3 ± 1.8 (80)1220 ± 926306/10[\*\*\*](#tbl4fn3){ref-type="table-fn"}12.5 ± 5.7[\*](#tbl4fn1){ref-type="table-fn"}6.4 ± 1.0[\*\*](#tbl4fn2){ref-type="table-fn"} (100)\<5.2 ± 1.9 (80)378 ± 370[\*\*](#tbl4fn2){ref-type="table-fn"}609/10[\*\*\*](#tbl4fn3){ref-type="table-fn"}22.0\<2.8[\*\*](#tbl4fn2){ref-type="table-fn"} (0)\<2.8[\*\*](#tbl4fn2){ref-type="table-fn"} (0)23 ± 12[\*\*](#tbl4fn2){ref-type="table-fn"}  Ribavirin409/10[\*\*\*](#tbl4fn3){ref-type="table-fn"}11.0\<3.2 ± 0.9[\*\*](#tbl4fn2){ref-type="table-fn"} (20)\<3.0 ± 0.3[\*\*](#tbl4fn2){ref-type="table-fn"} (40)30 ± 47[\*\*](#tbl4fn2){ref-type="table-fn"}[^11][^12][^13][^14]Fig. 3Survival of Pichinde virus-infected hamsters treated with T-705 or placebo beginning on day 6 or 7 post-infection. T-705 was given twice daily at 320 mg/kg/day on the first day and 100 mg/kg/day thereafter. \*\*\**P* \< 0.001 compared to respective placebo-treated hamsters by log-rank test ([@bib19]).

As regards toxicity, the LD~50~ of T-705 in hamsters was six times or more higher than that of ribavirin, suggesting that T-705 is superior to ribavirin from the perspective of safety. These results support an assumption that T-705 may be a viable alternative for the treatment of life-threatening bunyaviral and arenaviral infections. Experiments investigating the activity of T-705 against Lassa fever virus and South American hemorrhagic fever viruses are underway.

4. Yellow fever virus
=====================

YFV, a member of the *Flaviviridae* family of arboviruses, has been responsible for many outbreaks of hemorrhagic disease in many countries in Africa and South America, causing an estimated 30,000 deaths each year, despite the availability of an effective vaccine ([@bib38]). Adverse vaccination events and imported YFV by unvaccinated travelers have been documented outside of areas of endemnicity. There are no approved antivirals for the treatment of YFV ([@bib31]). Therefore, the development of therapeutic agents for the treatment of YFV is important, especially those that are effective after the onset of clinical symptoms.

4.1. Antiviral activity of T-1106 against YFV
---------------------------------------------

*In vitro* cytopathic effect reduction assays in Vero cells with T-705 and T-1106 showed only weak activity against YFV, with EC~50~ values of 335 μM and \>369 μM, respectively ([@bib23], [@bib24]). However, despite these *in vitro* results, T-1106 showed surprising therapeutic efficacy in a hamster model of YF ([@bib23]). Intraperitoneal treatment with a dose of 32 mg/kg/day of T-1106, beginning 4 h before virus inoculation and continuing twice daily for 7 days, resulted in lower ALT and AST levels in the serum, less weight loss and significantly improved survival. T-1106 was also effective when administered orally with a minimal effective dose of 32 mg/kg/day, which was similar to intraperitoneal treatment. Survival rates were significantly improved even when hamsters were treated with 100 mg/kg/day of T-1106 twice daily beginning as late as 4 days post-infection ([Fig. 4](#fig4){ref-type="fig"} ). For comparison, ribavirin at a dose of 50 mg/kg/day, significantly improved survival rates and ALT levels in infected hamsters when given 4 h prior to virus challenge.Fig. 4Survival of YFV-infected hamsters treated i.p. with 100 mg/kg/day of T-1106 starting at various times after virus challenge. beg, beginning of treatment. \*\*\**P* \< 0.001, \*\**P* \< 0.01 compared to placebo-treated animals ([@bib23]).

On the other hand, a dose of 400 mg/kg/day of T-705 was required to achieve results similar to those obtained after treatment with T-1106 ([Table 5](#tbl5){ref-type="table"} ) ([@bib24]). Protection from mortality was also observed after hamsters were treated with 200 mg/kg/day. There are insufficient data to clarify the reason why the *in vivo* antiviral effect of T-1106 did not correspond to its *in vitro* activity and why there were such differences in antiviral activities between T-1106 and T-705. A possible explanation is that the conversion rate of T-1106 to an active form in the hamster liver was higher than in cultured cells ([@bib12]). In any case, it is expected that T-1106 will be a useful drug for YF in humans.Table 5Effect of treatment with T-705 after virus exposure in hamsters challenged with YFV.TreatmentTime of start of therapy (h)Survivors/totalMDD ± S.D.Serum ALT ± S.D.Saline−43/107.4 ± 1.8188 ± 94  T-705−410/10[\*\*\*](#tbl5fn3){ref-type="table-fn"}\>21.075 ± 23[\*\*](#tbl5fn2){ref-type="table-fn"}+2410/10[\*\*\*](#tbl5fn3){ref-type="table-fn"}\>21.080 ± 32[\*\*](#tbl5fn2){ref-type="table-fn"}+4810/10[\*\*\*](#tbl5fn3){ref-type="table-fn"}\>21.084 ± 47[\*\*](#tbl5fn2){ref-type="table-fn"}+728/10[\*](#tbl5fn1){ref-type="table-fn"}7.0 ± 1.4139 ± 71+966/106.5 ± 0.6115 ± 82[\*](#tbl5fn1){ref-type="table-fn"}+1205/106.8 ± 0.8157 ± 74  Ribavirin−410/10[\*\*\*](#tbl5fn3){ref-type="table-fn"}\>21.0110 ± 61[\*](#tbl5fn1){ref-type="table-fn"}[^15][^16][^17][^18]

5. West Nile virus
==================

Like YFV, dengue virus, and Japanese encephalitis virus, WNV is a mosquito-borne member of the *Flaviviridae* family. WNV was first isolated in 1937 from a patient in the West Nile district of Uganda. Since then, the virus has been isolated in various regions of the world and has spread to North America ([@bib21]). Because it has been shown that such a virus could spread to the whole world and an effective vaccine has not been developed, countermeasures are required.

5.1. Antiviral activity of T-705 against WNV
--------------------------------------------

The *in vitro* antiviral activity of T-705 was evaluated in Vero cells against the New York 1999 isolate of WNV, in which its EC~50~ value was 318 μM ([@bib32]). For *in vivo* efficacy studies, C57BL/6 mice and golden Syrian hamsters were used ([@bib32]). Mice and hamsters were infected subcutaneously with the WNV New York 1999 strain, and T-705 was administered orally twice daily beginning 4 h after infection for 14 days. Orally administered T-705 at 200 mg/kg/day protected mice against WNV-induced mortality, and reduced viral RNA levels in brains and spleens without reduction of body weight. Treatment could be delayed out to 2 days after challenge and still achieve efficacy in mice ([Fig. 5](#fig5){ref-type="fig"} A). The minimal effective oral dose administered twice a day beginning from 1 day after viral challenge was between 20 and 65 mg/kg/day in mice. T-705 at 200 mg/kg/day under the same dose regimen also significantly improved the survival in hamsters. Notably, immunohistochemically detected WNV envelope protein was not observed in the brains of T-705 treated hamsters, although it was seen in the placebo-treated animals ([Fig. 5](#fig5){ref-type="fig"}B). Further investigation of T-705 should be considered for the treatment of WNV, because it is one of only a few compounds known to reduce WNV-induced mortality in rodents.Fig. 5(A) Effect of twice-daily oral treatment with 200 mg/kg of T-705 beginning on day 1, 2 or 3 post-infection on the survival of WNV-infected C57Bl/6 mice. \**P* ≤ 0.05, \*\**P* ≤ 0.01 compared to placebo controls. (B) Immunohistochemical detection of WNV envelope glycoprotein on day 7 of infection in the brains of Syrian golden hamsters treated twice daily with 200 mg/kg of T-705 or with a placebo beginning on the day of infection. Scale bar: 50 μm ([@bib32]).

6. Foot-and-mouth disease virus
===============================

Foot-and-mouth disease (FMD) is a highly contagious and economically devastating disease of cloven-hoofed animals, including swine and bovines. The causative agent FMDV is an aphthovirus of the *Picornaviridae* family. It causes a rapidly spreading, acute infection characterized by fever, lameness, and vesicular lesions on the feet, tongue, snout, and teats ([@bib20]). In regions in which FMD is enzootic, disease control is achieved by the two policies of "test and slaughter" and/or "vaccination." When FMD outbreaks occur, countries use either or both approaches, depending on the epidemiological situation. Recent outbreaks occurred in 1997, in Taiwan ([@bib7]) and in 2001, in the UK ([@bib14]), causing serious economic damage.

The rate of FMD transmission depends on several factors, among which are the infected species and breed, the virulence of the FMDV strain, the route of infection, the environment and differences in the immune status of the individual animal, and the quality of the FMD vaccines. It generally takes about 7 days for vaccination to elicit protective antibodies ([@bib6]). To compensate for this disadvantage of FMD vaccines, new control methods that exhibit prompt effectiveness must be developed. Therefore, an antiviral agent can be one of several powerful tools to reduce the expansion of FMD outbreaks, thus providing additional means of controlling the spread of the disease.

6.1. Antiviral activity of T-1105 against FMDV
----------------------------------------------

*In vitro* anti-FMDV activities of T-705, T-1106 and T-1105 were assessed by a plaque reduction assay with the O/JPN/2000 strain. T-1105 showed the most potent antiviral activity with an EC~50~ value of 12 μM. T-1105 was administered by feed to four pigs at a dose of 200 mg/kg twice daily for 6 days beginning 1 h prior to FMDV inoculation ([@bib34]). The animals in the control group showed typical signs of FMD, such as fever, vesicles on their feet and lameness, but no clinical signs of FMD were observed in T-1105-treated pigs throughout the experiment. Viremia was effectively reduced to below the levels of detection and the increase of anti-FMD antibody titers was suppressed after T-1105 treatment, suggesting that the virus replication was effectively inhibited by this compound in the infected pigs.

It should also be noted that the virus was not detected in nasal swabs from T-1105-treated animals. The inhibition of virus secretion is a very important factor in the treatment of pigs infected with FMDV, given that pigs are known to be important amplifying hosts and excrete approximately 1000 times more virus than other hosts such as cattle. Since this compound can be administered through food, large numbers of animals can be treated through relatively little effort. Thus, T-1105 could be a powerful tool to control FMD in pigs.

7. Other viruses
================

Alphaviruses, such as TC-83 Venezuelan equine encephalitis virus (VEEV) and Western equine encephalitis virus (WEEV), are also inhibited in cell culture by T-705, with SIs comparable to those seen against flaviviruses. The effect *in vivo*, however, is less than that seen with the flaviviruses. Treatment with a dose of 400 mg/kg/day resulted in a modest but significant improvement in survival in a mouse model of WEEV (Julander, 2009). T-1106 showed no activity against either VEEV or WEEV.

Other RNA viruses, including poliovirus, rhinovirus, and respiratory syncytial virus (RSV), have also been shown to be susceptible to T-705, with EC~50~s of 4.8 (31 μM), 23 (150 μM) and 41 (260 μM) μg/mL, respectively ([@bib11]). However, with EC~50~ values \>100 μg/mL (640 μM), T-705 showed no effect on the plaque formation of herpes simplex virus type 1 (HSV-1), human cytomegalovirus (HCMV), and adenovirus. On the other hand, ribavirin has been shown to inhibit the growth of these DNA viruses ([@bib2], [@bib29]).

In addition to activity seen against YFV, T-1106 is also active against bovine viral diarrhea virus (BVDV), another flavivirus, as well as hepatitis C virus (HCV) ([@bib12]). T-1106 reduced BVDV replication in MDBK cells with an EC~90~ value of 38 μM by the yield reduction assay. Similar activity was observed in the inhibition of BVDV in cell culture with T-1105, which had an EC~90~ of 34 μM, while T-705 showed less activity with an EC~90~ of 330 μM. In addition, the phosphorylation of T-1106 was observed in several mammalian cells and in the livers of animals treated with this compound. T-1106 triphosphate was also found to inhibit the viral RNA polymerase of HCV in an enzyme assay ([@bib12]). Further investigation of therapeutic efficacy of T-1106 against HCV is warranted in an appropriate animal model.

8. Discussion
=============

In our studies, pyrazinecarboxamide derivatives including T-705 have been found to possess favorable antiviral activity against RNA viruses and to show a therapeutic effect in a number of animal models. Regarding the mechanism of action, the experimental findings suggest that T-705 is converted to the ribofuranosyltriphosphate derivative by host cellular enzymes, and the metabolite inhibits the viral RNA-dependent RNA polymerase. It is noteworthy that T-705 inhibits viral replication without influencing synthesis of cellular DNA and RNA ([@bib13]). The high error rate of RNA polymerase is considered to be one of the strategies executed by RNA viruses to escape the host immune response, and false recognition of nucleotides by the viral polymerase might occur more frequently, as compared to the host RNA polymerase ([@bib5], [@bib27]).

Although there is considerable evidence supporting the inhibition of the influenza polymerase by T-705, it is not fully understood how the active form inhibits RNA-dependent RNA polymerase. For example, the following questions remain to be clarified. Does T-705 suppress enzyme function by binding to enzyme molecules? Does it incorporate into nascent viral RNA during the replication process? Does it suppress the translation of viral proteins? Is it a viral mutagen like ribavirin? In addition, we tried to obtain a T-705-resistant strain through serial passage of influenza A/PR/8/34 (H1N1), but resistant viruses could not be isolated after 30 passages (unpublished data). Although the inability to develop drug resistance is clearly advantageous, it makes analyzing the mechanism of action at the molecular level difficult.

On the other hand, we observed that the antiviral activities of pyrazinecarboxamide derivatives varied largely depending on the kind of host cells used. For example, the antiviral activity of T-705 against influenza A/WSN/33 was higher than that of T-1106 in MDCK cells, but their antiviral potencies were reversed in MDBK cells (unpublished data). Since it is presumed that these compounds are converted to their active ribofuranosyltriphosphate forms by cellular enzymes, antiviral activity would be greatly affected by the uptake of the parent compounds into host cells and/or the conversion rates to active forms. These are important points to consider when we estimate the therapeutic efficacy of these compounds in various viral diseases. Variation in the distribution and conversion of compounds in targeted organs and cells could be the cause of differences in their antiviral spectrum.

T-705 is now in clinical phase I/II trials for influenza in the USA and Japan, and non-clinical and clinical data on toxicology and pharmacokinetics are accumulating. For example, non-clinical pharmacokinetic studies revealed that the plasma levels of T-705 after oral administration rose in a dose-dependent manner with high linearity, and the oral bioavailability in mice was almost 100%, as compared to intravenous administration. In addition, no serious adverse events have been reported in the clinical studies, suggesting that T-705 is well tolerated in humans. These data will help us to consider the possibility of T-705 as a novel antiviral drug against various RNA viral infections. The first indication for T-705 is influenza, but in our development plan hereafter it is necessary also to consider other diseases caused by medically important viruses such as Lassa, Junin, WNV and YFV for T-705 and T-1106. Regarding the development of T-1105, to elucidate its effectiveness as a powerful tool to control FMD in pigs, more large-scale experiments are expected using an infection model of FMDV. In conclusion, the pyrazinecarboxamide derivatives appear to be promising tools to satisfy unmet needs for treating highly pathogenic RNA viral infections.
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[^1]: NT: not tested.

[^2]: Antiviral activity (EC~50~) as determined by plaque reduction assay ([@bib11]).

[^3]: Antiviral activity (EC~90~) as determined by yield reduction assay ([@bib35], [@bib11]).

[^4]: Expt 1: effect of drug dose on survival. Mice were treated twice daily with T-705 or with CMC vehicle for 5 days beginning 1 h after virus exposure. Expt 2: effect of delay in initiation of treatment. Mice were treated with T-705 or with CMC vehicle every 6 h for 5 days, beginning at the indicated hour post-infection. S.D.: standard deviation.

[^5]: *P* \< 0.05.

[^6]: *P* \< 0.001 compared to controls treated with CMC only ([@bib35]).

[^7]: Hamsters were orally treated with T-705 or ribavirin twice daily for 6 days beginning 4 h pre-virus inoculation. Viral titers were determined on day 4 of infection, and are expressed as log~10~ cell culture 50% infectious dose/0.1 g of liver or ml of serum. The percentage of animals presenting with detectable virus levels is indicated in parenthesis. ALT: alanine aminotransferase, in international units per liter. S.D.: standard deviation.

[^8]: *P* \< 0.05.

[^9]: *P* \< 0.01.

[^10]: *P* \< 0.001 compared to controls treated with CMC vehicle only ([@bib19]).

[^11]: Hamsters were orally treated with T-705 or ribavirin twice daily for 7 days beginning 4 h pre-virus inoculation. Viral titers and serum alanine aminotransferase (ALT) levels were determined on day 7 post-infection for five animals per group. MDD: mean day of death. Viral titers: log~10~ cell culture 50% infectious dose/0.1 g of liver or ml of serum. Percentage of animals presenting with detectable virus levels is indicated in parenthesis. ALT: in international units per liter. S.D.: standard deviation.

[^12]: *P* \< 0.05.

[^13]: *P* \< 0.01.

[^14]: *P* \< 0.001 compared to controls treated with CMC vehicle only ([@bib19]).

[^15]: T-705 was orally administered twice daily for 8 days at a dose of 400 mg/kg/day and ribavilrin was administered at a dose of 50 mg/kg/day. MDD: mean day of death. S.D.: standard deviation. ALT: serum alanine aminotransferase, in international units per liter.

[^16]: *P* \< 0.05.

[^17]: *P* \< 0.01

[^18]: *P* \< 0.001 as compared with saline-treated controls ([@bib24]).
